Fossil fuels, coal in particular, are indispensable sources of energy necessary for today's technological and economical progress throughout the world. Their burning releases numerous environmental contaminants, like CO 2 , SO 2 , and a range of organic and inorganic compounds. Arguably, however, and despite the fact that these emissions have resulted in air pollution and regional acid rain problems, there is no evidence yet of their usage completely replaced by a low-CO 2 -producing energy source. Coal, due to its unique composition and characteristics, has been actively investigated by scientists and technologists from various disciplines in a search for economically valuable metals and medically active substances. Also, coal is used universally for the fabrication of new nanomaterials in laboratories, and utilized in wastetreatment and clean-coal technologies. The aim of this paper is to focus on the latest advancements in coal research of leading international scientists from India, China, and the USA. Also, this paper is brie y presenting selected papers of several Indian and Croatian research groups addressing environmental issues and emerging waste-treatment technologies. Although the two countries are di erent from a geographical, historical, economical, and industrial point of view, they both have been linked with coal extraction and its usage in power generation and associated heavy industries.
Introduction
Coal is the most abundant specimen among the fossil fuels, i.e. the coals, oil shales, oil, and gas deposits of Earth. It is the deposit of organic matter -the remains of dead plants and animals -entrapped in sedimentary rocks at the site of organic matter growth many millennia ago. Coals generally contain 10-30% of inorganic material made up of clay minerals, quartz silt, and sand, thus contributing to metal emission load upon their combustion (Saikia et al., 2009; Singh et al., 2015a; Dai et al., 2016) . By igniting coal, the Sun energy stored in it is being released, thus producing heat and energy needed for industry, and generally, sustaining nations' standards of living. However, the fuel burning emissions are the largest source of anthropogenic greenhouse gases and aerosols . Also, some European and Asian countries have experienced devastating damage to the environment and to the human health owing to many years of intensive coal mining/burning and associated metallurgy in the past (Helios Rybicka, 1996;
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2018, pp. 13-21, DOI: 10.17794/rgn.2018.3.2 Air Act, implemented by the Environmental Protection Agency in 1971, and the amendments to the act in 1977 and 1990 , have required a substantial evolution of the quality of coal in terms of the reduction of SO 2 and NO x emissions (Hower et al., 1999) . Low-quality coals have high ash, high sulphur, and high trace element contents. Due to stringent environmental regulations, various physical, chemical, and microbiological methods have been developed to solve the hazardous impact of these substances on the environment ( Also, the combustion behaviour of various types of coal is dependent on their ash properties (Mishra et al., 2016) .
Previously, Ra enovi et al. (2016a) outlined comparative information on geography, meteorology, industry and environmental policy in Croatia and India. Briefly, Croatia is a southeastern European country, having a total area of 56,542 km 2 , and sharing boundaries with six countries the length of which amount to 2,375 km. On the other hand, the total area of the Republic of India is 3,287,590 km 2 , which is nearly 60 times larger than Croatian territory. The total length of the boundary with neighboring countries is 21,103 km, i.e. nearly 9 times the length of the Croatian boundaries, of which 7,000 km is coastline. In relation to coal, the most important as well as the largest coal-mining (superhigh-organic-sulphur Raša coal, SHOS) area in Croatia ) is situated at the eastern part of the Istrian peninsula (see Fig. 1 in Ra enovi et al., 2016a). It was exploited from the 18th century until the late 1990s. There is also a location of the sole Croatian coal-red Plomin power plant (PPP), which started with operation in 1970 using SHOS Raša coal enriched in S, up to 13-14% (Meduni et al., in press), while imported low-S coal has been used for the last 17 years. India, having almost 7% of the world's total coal reserves, belongs to the socalled Big Six group, i.e. the USA, Russian Federation, China, India, Australia, and South Africa. These countries account for nearly 80% of the world's coal production, with 43% from China alone. Coal has been mined in India for more than 230 years (Höök et al., 2010) . The Integrated Energy Policy Committee, set up by the Government of India in 2004, has emphasized the continuing dominance of coal in the Indian Energy Sector over the next 25 years. According to the Geological Survey of India, the coal reserves in India are estimated to be some 308.802 billion tons, extending up to depths of 1,200 meters. Only 12.5% of them belong to the coking type, while the remaining 87.5% is thermal coal. They are mainly distributed in the states of Bihar and Telangana. Chikkatur et al. (2009) note that coal currently accounts for more than 50% of total primary commercial energy supply in the country and for about 70% of total electricity generation. According to these authors, the ash content in Indian coals have been increasing over the past three decades, primarily because of increased opencast mining and production of coal from inherently inferior grades of resources. As a consequence of the high ash content in Indian coals, at least 4,047 m 2 of land is needed to store ash per one MW of installed capacity, and there are many large power plants with more than 4,047,000 m 2 of land dedicated only for ash storage (Chikkatur et al., 2009 ). The authors conclude that good coal-power policies encompass the following measures: improving the ef ciency of all elements of the country's existing power system, deploying high efciency technologies in the short term, and devising a long-term strategy for developing and deploying advanced coal power technologies.
The objectives of this paper are to present the latest advancements in coal research, carried out by leading international scientists from India, China, and the USA, and to outline selected Indian and Croatian studies addressing environmental contamination and waste-treatment technologies. . That was inevitable due to lack of a proper legislative and non-existent clean-coal technologies in the past. Today, the situation is getting substantially improved from both points of view. Society members are aware of the fact that energy is necessary, and coal resources are in a high demand for that p urpose. Therefore, clean-coal technologies are being actively developed throughout the world coal laboratories and implemented in industrial devices. Coal is also necessary for various technological and medical utilizations and applications, and this statement will be elaborated by the following text.
Brie y, clean-coal technologies are focused on the removal of mineral matter (ash yield) and sulphur from coal. Sulphur emissions generate hazardous sulphate aerosols and corrode the boiler tubes during operation. The mineral matter in coal forms ash upon its combustion (Saikia et al., 2015b ) which is disadvantageous due to slagging, abrasion and fouling, leading to ash fusion inside the boiler. Moreover, leaching of potentially toxic trace elements from ash makes them bio-available, while the emission of micron-and nano-sized ash particles de-grade the quality of the environment and human health (Kumar et al., 2015 ). An Indian (Assam) coal chemistry group, led by Binoy K. Saikia, has been actively working on the production of advanced carbon materials from cheap bio-stock, such as low-grade coals and waste carbon materials, for advanced applications in society. Also, they are focused on energy and environment topics. Herewith, Saikia et al. (2014) demonstrate the application of ultrasonic energy (20 kHz) to a few high-S Indian coals in aqueous and mixed alkali media (1:1 KOH and NaOH) in order to remove S and ash for various industrial applications. The study showed maximum ash, pyritic S, sulphate S, and total S removal as follows: 87.52%, 83.92%, 12.50%, and 18.80%, respectively. The XRD and FTIR spectral analyses revealed a reduction in ash and different forms of S by use of ultrasonic energy. According to the ash fusion temperatures and the calori c values of the ultrasonicated coal samples, the quality of coal was greatly improved, while the coal leachates after ultrasonication were found to be predominant in non-hazardous K, Ca and Mg. Furthermore, Saikia et al. (2016) applied the ultrasonic energy in an aqueous H 2 O 2 medium to remove S and ash from Brazilian coal. The study showed the maximum removal of 87.52% total S. The authors demonstrated how to replace other conventional clean-coal technologies in terms of less energy, less treatment time, less reagent volume, and low reagent concentrations. Noteworthy, they suggest that the method may be used in larger-scale trials with high-S and high-ash coals worldwide for a long time, due to the partially green nature of the procedure. In the study carried out by Saikia et al. (2014), ionic liquids were examined for the extractive desulphurisation and de-ashing of high-S sub-bituminous Indian coals. The ionic liquids, 1-n-butyl-3-methylimidazolium tetra uoroborate and 1-n-butyl 3-methylimidazolium chloride, were employed in the presence of HCOOH/H 2 O 2 and V 2 O 5 . The maximum removal values were as follows: 50.2% total S, 48.0% organic S, and 70.3 wt% ash. Hereby, the study demonstrated high efciency of removing signi cant amounts of inorganic as well as organic sulphur (aryls) components from the originally high-S coal. Apart from being a target for cleaning technology experiments and geochemical investigations, coal has been used for the production of advanced carbon materials. Das et al. (2017) report results of their study on supercapacitor electrode materials produced from low-grade coal by using wet-chemical methods. Namely, the authors note that there is a growing need to develop new types of clean and sustainable energy conversion and storage systems, such as batteries and supercapacitors for electric vehicles with low exhaust emissions. They also emphasize that supercapacitors are energy storage devices which have received tremendous attention due to their high power density, short charging time, and long cycling life, thus achieving better fuel economy, decreasing harmful emissions, and reducing the reliance on petroleum sources. Moreover, Das and Saikia (2017) fabricated carbon nanomaterials, i.e. nanodiamonds from low-grade coals during lowpower ultrasonic-assisted stimulation in hydrogen peroxide followed by dialysis in 1 kDa. These nanomaterials have promising applications in bioimaging engineering, photovoltaics, and optoelectronics.
The biological bioremediation approach, by using microorganisms to transform or degrade contaminants to make them environmentally non-hazardous, is regarded as a cost-effective remediation technology appropriate for large polluted soil and water areas. It has been successfully employed and developed by Indian scientists from Banaras Hindu University (BHU, Varanasi, Uttar Pradesh), Professors Prakash K. Singh and Asha Lata Singh. They have been using mixed bacterial consortium to explore the possibility of removal of potentially toxic trace elements from coal (Singh et al., 2012a (Singh et al., , 2015b . They have found out that the removal ef ciency was more than 80% for Ni, Zn, Cd, Cu, and Cr, and 45% in the case of Pb. The authors have also been working on the desulphurisation of coal by using microorganisms Ralstonia sp and Pseudoxanthomonas sp (Singh et al., 2012b) . One of their latest papers (Singh et al., 2017a) presents the results of the petrological considerations in relation to the demineralization of Rajmahal Gondwana coals by means of Pseudomonas mendocina B6-1. Following the treatment, a signi cant reduction in the elemental content of oxygen, hydrogen and sulphur was observed. A gradual reduction of the pyrite phase due to bioleaching was identi ed and its signatures were reected in XRD spectra and FTIR absorption bands. The authors also determined that some minerals occur intergrown with inertinites, thus causing the restricted bacterial action due to inadequate exposure of mineral particles and less surface area available for bioleaching. Also, their latest paper (Kumar et al., 2017b) reports the results of demineralization of the Karanpura Gondwana coals enriched in ash (30.57%-21.80%) and low in sulphur (0.29%-0.20%). They treated coal with Pseudomonas mendocina strain B6-1. The optimum conditions for effective demineralization were as follows: pH 6.0, temperature 35°C, 6.0% (w/v) of pulp density, and incubation time of 7 days. Moreover, the treatment proved to increase the useful heat value, gross calori c value and net calori c value of coal. Hereby, the authors showed that their methodology was eco-friendly and useful in obtaining clean fuel.
In China, the coal consumption for power generation had increased from 196 Mtce in 1991 to 684 Mtce in 2005, and the ratio of coal used for power generation relative to the total coal consumption increased from 26.0% to 44.6% in the same period (Chen and Xu, 2010 (Dai et al.,  2016) . Also, Dai and Finkelman (2017) elaborate the fact that coals are economic sources of strategically important elements, such as Ge, Ga, U, V, Se, rare earth elements, Y, Sc, Nb, Au, Ag, and Re, as well as base metals Al and Mg. Their extraction and utilisation from coal could result in a number of bene ts, which will make this source an economically and environmentally attractive option, especially in China, USA, Russia, India, and other major coal user countries for the foreseeable future.
The leading US coal petrology and coal geochemistry researcher is James C. Hower (UKY, Lexington, Kentucky). He and his domestic as well as international coauthors are actively studying coal from all around the globe. To name a few papers, they investigated the distribution of REEs (Hower et al., 2016a, b) , and U and radionuclides (Hower et al. 2016c ) in coal, and Hg content in y ash (Hower et al., 2017) . Also, he participated in a medical multidisciplinary study carried out by
Wang et al. (2014).
The authors carried out the isolation and structural elucidation of a new tetracyclic polyketide (ruthmycin) from Streptomyces sp. RM-4-15, a bacteria isolated near thermal vents from the Ruth Mullins underground coal mine re in eastern Kentucky. Preliminary in vitro antibacterial, anticancer and antifungal assays revealed ruthmycin to display moderate antifungal activity. A multidisciplinary study, carried out by an international research group (Yang et al., 2017) , reports that the coal combustion results in large quantities of otherwise rare Magnéli phases (Ti x O 2x-1 with 4 x 9) from TiO 2 minerals naturally present in coal. The authors note that this provides a new tracer for tracking solid-state emissions worldwide from industrial coalburning. In its rst toxicity testing, they have shown that nanoscale Magnéli phases have potential toxicity pathways that are not photoactive like TiO 2 phases, but instead seem to be biologically active without photostimulation. The authors suggest that these phases should be thoroughly tested for their toxicity in the human lung. Regarding clean-coal technologies in the USA, Ruth (2014) discusses them by presenting gasi cation, gas puri cation and separation, combustion turbines, fuel cells, and advanced steam cycles, that are likely to play key roles in the design of near-zero emission plants. The author elaborates critical materials, e.g. refractory linings for coal gasi ers, gas lters and sorbent systems to remove contaminants, ceramic membranes for separating oxygen from air and hydrogen from carbon dioxide, blading and other components for high-temperature combustion turbines, fuel cell electrodes and electrolytes, and boiler tubing and turbine components for advanced steam cycles.
Indian research related to coal, environment, and technology
Unlike Croatia, coal petrology and coal geochemistry research in India is a very active scienti c discipline, and one of the leading experts is Professor Prakash K. Singh (BHU), whose few latest papers are brie y introduced here. Singh et al. (2017b) adopted an integrated approach to study the lignite deposits of Surkha mine associated with the Khadsaliya Clays Formation (Eocene) of the Saurashtra Basin, in Western India. Organic petrographic, palynofacies and geochemical data of the sampled succession have been acquired and discussed. Additionally, the authors used palynological and biomarker evidence to infer the organic composition, quality, thermal maturity, origin and depositional environment of the Surkha lignites, including the hydrocarbon source potential of the lignite-bearing sequence. Environmental sustainability in India has been investigated by a BHU research group led by Professor Tirthankar Banerjee. They measure atmospheric trace gases and aerosols from various observational platforms, aiming to predict changes in atmospheric constituents and their repercussions on the climate. Herewith, their paper (Banerjee et al., 2016) explores the possibility of a policy revision regarding clean air quality in a recently launched nationwide campaign, Clean India Mission. According to them, India has reasonably progressed in developing sanitary facilities and disseminating clean fuel to its urban households, but the situation in rural areas is still miserable and needs to be reviewed. Also, several policy interventions and campaigns were made to improve the situation, but the outcomes have been remarkably poor. In conclusion, the authors recommend effective policy revision to disseminate clean energy, especially to rural people, and to assess human health impacts from air pollution.
Waste-water treatment technologies are being actively developed in India by numerous researchers. One Jaipur group is led by Professor Neha Sharma. Their paper (Sharma et al., 2013) presents the results of an investigation of textile wastewater in Rajasthan. By means of isolation and characterization of the indigenous bacte-rial strains which would decolourise textile diazo dye, the authors isolated 10 bacterial strains and screened them for their dye decolourising ef cacy. The ef cacies of bacterial strains were as follows: Staphylococcus sp. 82.5%, Serratia sp. 84.0%, and Micrococcus sp. 76.5%.
Sharma et al. (2017a)
outline the potential of microorganisms to clean and modify the complex organic compounds, which are xenobiotic in nature, to simple water soluble products by a process of biomineralization. They elaborate how this capability largely depends upon the selective microbial community as well as on the structural and functional groups of toxic compounds. The microorganisms may be either indigenous to a contaminated area or isolated from elsewhere and brought to the contaminated site. The authors point out that different enzyme systems and genes are responsible for the degradative bioprocesses in waste water systems. Also, the diversity based studies should demonstrate a breakthrough in microbial ecology and environmental biotechnology domains. Furthermore, Sharma et al. (2017b) shows how bio-nanotechnological solutions can be of a paramount importance in circumventing the issues associated with wastewaters. The authors demonstrate a great potential of nanoparticles in wastewater treatment. Their unique characteristic of a high surface area can be used ef ciently for removing toxic metal ions, disease causing microbes, organic and inorganic solutes from wastewater. Various classes of nanomaterials include metal-containing nanoparticles, carbonaceous nanomaterials, zeolites and dendrimers. This paper presents a comprehensive review of recent advances on different nanomaterial based mitigation strategies. A special emphasis was given to a green synthesis of nanoparticles aimed to address problems associated with waste-water ef uents through the nano-bioremediation.
Croatian research related to coal, environment, and technology
Coal petrology research does not exist in Croatia at all as the coal mining (SHOS Raša) ceased altogether some 17-20 years ago. Coal studies have been mainly focused on detrimental consequences of SHOS Raša coal mining and combustion (Meduni et al., in press) on the environment of the PPP area (see Fig. 1 in Ra enovi et al.,  2016a) . It has been a major source of the Croatian energy production since the early 20th century. Due to high values of S, PAHs (polycyclic aromatic hydrocarbons), and radioactivity in coal, soil around the PPP was found to be severely polluted with S and PAHs ( (Naik, 2016) . Their total concentrations in topsoil varied from 31 ng/g in control soil samples, to 13,535 ng/g at a distance of 100 m from the PPP (Meduni et al., 2016b) . The authors ascribed PAHs mainly to the coal-combustion processes, and to the additional contribution from a nearby unburnt coal pile subjected to casual very strong NE winds. Also, several conference abstracts have been published lately on various topics related to environmental pollution derived from SHOS Raša coal mining (Meduni et al., 2016c) , distribution of sulphur isotopes in soil and coal (Malenšek et al., 2017), and human health risk assessment indices (Meduni et al., 2017a, b) .
Fran iškovi -Bilinski et al. (2017) described magnetic and chemical properties of karstic river sediments contaminated by discharge of coal bottom ash and ash. They found very high magnetic susceptibility close to the pollution source, and strong correlations with Co, Fe, Sr, Al, U and B. Oreš anin et al. (2012) analysed y and bottom ash in a former sulphate pulp factory. Compared to the world's average soil concentration, U and Th values were increased 3.7 and 1.7 times, respectively. The mean value of the total effective dose rate measured in the air at the height of 1 m for all samples of ash and soil under the in uence of the land ll was 1.60 mSv/yr. Compared to the Croatian average (0.7015 mSv/yr), the determined mean value for the land ll was double. However, the mean value of the total effective dose rate measured above the land ll was 11.4 times the local background (0.14 mSv/yr). The authors suggested that the y and bottom ash land ll should be sealed with a 10 cm thick layer of a material with low permeability to prevent redistribution of the radionuclides and heavy metals from the deposited material into the environment. So li et al. (2013) investigated soil at an old metallurgical land ll site exposed to direct in uence of metallurgical non-hazardous waste for many years. The obtained results point at contamination of soil with Cu according to the legislation of all observed EU countries, with Cd according to the legislation of Italy, Poland, and Belgium (Wallonia), and with Cr according to the legislation of Finland and Poland.
Regarding waste-water treatment technologies, Raenovi et al. (2013) analysed ladle furnace slag (LFS), which is a byproduct from further re ning molten steel after coming out of a basic oxygen furnace or an electric arc furnace. The authors determined that the LFS proved to be an effective adsorbent for the removal of toxic metal ions from various industrial waste-waters. They also point out that the slag is a cheap and abundant, non-hazardous industrial waste as the ecotoxicity evaluation of its eluate showed that it did not contain constituents which might in any way adversely affect the environment. Furthermore, Ra enovi and Meduni (2015) investigated removal of Cr(VI) from aqueous solution by a commercial carbon black. By testing the adsorbent dose, solution pH, contact time, initial metal concentration, and temperature, the authors discovered that an initial solution of pH 2.4 was the most favourable for Cr(VI) removal. The equilibrium data best tted the Freundlich isotherm model, while the maximum adsorption
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2018, pp. 13-21, DOI: 10.17794/rgn.2018.3.2 capacity was found at 33.22 mg/g. The thermodynamic parameters showed that Cr(VI) adsorption on the carbon black was a spontaneous exothermic process. Ra enovi et al. (2016b) examined the adsorption potential of LFS for Cr(VI) ions from aqueous solutions. They found that the value of their maximum removal was 22.3 mg/g at pH 4.3 and temperature of 293 K. It was determined that the Cr(VI) adsorption mechanism was complex, while the lm diffusion, and the intra-particle diffusion both contributed to the rate-determining step. Regarding the thermodynamic parameters, i.e. free energy change, enthalpy change, and entropy change, it was revealed that the Cr(VI) adsorption onto the LFS was endothermic and spontaneous.
Conclusions
This paper introduced several of the most intriguing and advanced topics in coal research, carried out by leading scienti c authorities in India, China, and the USA. It showed versatility and importance of this material which is still vibrantly powering industries as well as scienti c research. This paper also brie y summarised the latest Indian and Croatian research on coal, environment, and clean technologies from various aspects and domains. It is evident that Indian coal and technology research articles far exceed the Croatian ones, not only in terms of their total number, but also in relation to the strength and novelty of research topics. However, this paper, having resulted from an Indian-Croatian collaboration, exempli es that future collaborations among environmental and chemical scientists as well as technologists from the two countries should be more intensive. Herewith, the Croatian environmental and clean technology science could advance towards a better perception by international scientists; also, some new collaborative initiatives should more closely connect Indian scientists with their peers in the EU.
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